Introduction
Recent progress in psychiatric genetics has advanced our understanding of how genetic risk factors affect neurodevelopment and adult brain function [1] . However, the majority of studies have focused on neurons, and very few attempts have been made to elucidate the glial function of genes associated with psychiatric disorders despite the increasing evidence of the key roles of glial cells in mental disease [2, 3] . Therefore, we began to study the roles of disrupted in schizophrenia 1 (DISC1) in both neurons and astrocytes, as both types of cells express DISC1 [4] [5] [6] . Previously, we reported that DISC1 binds to and stabilizes serine racemase, an enzyme that converts L -serine into D -serine. We found that expression of C terminus-truncated DISC1 (mutant DISC1), a putative product of chromosomal translocation in a Scottish pedigree [7] , disrupts this binding property in a dominantnegative manner, resulting in increased degradation of serine racemase via ubiquitination and decreased pro-duction of D -serine [5] . Notably, these changes were observed in astrocytes but not in neurons that expressed mutant DISC1 [5, 8] , suggesting that mutant DISC1 may exert cell type-specific effects.
DISC1 is a multifunctional protein that is involved in various neuronal functions [9] . It is therefore conceivable that it may also partake in multiple molecular pathways in astrocytes and may have different interacting partners in different cell types. As a result, DISC1 variants could affect distinct pathways in neurons, as compared to glial cells, leading to cell type-specific molecular alterations. To investigate this hypothesis, we compared the effects of mutant DISC1 between neurons and astrocytes using an unbiased proteomic approach. Specifically, we performed a proteomic profiling study in which the effects of mutant DISC1 were evaluated using a label-free non-hypothesisdriven approach. Liquid chromatography (LC) combined with mass spectrometry (LC-MS E ) was employed as an unbiased screening method for detecting changes in the proteome of primary neurons or astrocytes that express mutant DISC1.
Our findings demonstrate that selective expression of mutant DISC1 in primary neurons altered the expression of proteins predominantly involved in neuronal development and vesicular transport, whereas selective expression of mutant DISC1 in primary astrocytes was associated with changes in the expression of mitochondrial and nuclear proteins as well as cell adhesion proteins. Taken together, these data suggest that mutant DISC1 affects different molecular pathways in neurons and astrocytes, which is consistent with the idea that genetic variants can produce distinct molecular alterations in a cell-specific manner.
Materials and Methods
We expressed C terminus-truncated human DISC1 (mutant DISC1), which is a putative product of translocation in the original Scottish family [7] . In order to express mutant DISC1 in neurons or astrocytes, we mated either single hemizygous transgenic CaM-KII-tTA (for neurons) or GFAP-tTA mice (for astrocytes, line 110) with single homozygous transgenic TRE-mutant DISC1 mice (line 1001) as described previously [5, 10] . All mice were on the C57BL6/J background. This mating protocol produces litters that have about 50% of single transgenic mutant DISC1 mice that do not express mutant DISC1 (controls) and ∼ 50% of double transgenic mice that express mutant DISC1 (mutants) in neurons or astrocytes.
Primary Cultures
Primary neuron or astrocyte cultures were prepared from mouse embryos (embryonic days 16-18) as previously described [5, 11, 12] . Briefly, meninges-free cortices were isolated, trypsinized and mechanically dissociated by passing them through firepolished Pasteur pipettes. Washed cells were plated onto poly-Llysine (0.05 mg/ml) and laminin (0.1 mg/ml)-coated tissue culture coverslips (200,000 cells/cm 2 ) in Neurobasal-A medium supplemented with 0.5 m M L -glutamine and B27 and penicillinstreptomycin supplements. On the 3rd day of culture, 2 μ M arabinosylcytosine was added to the culture medium to inhibit the growth of nonneuronal cells. The composition of major cell types in the cultures was estimated by visual counting of cells immunostained with anti-MAP2 (neurons) or anti-GFAP (astrocytes) antibodies. Neuron-rich cultures contained >95% neurons and <4% glia.
Primary astrocytes were prepared from forebrains of neonatal (postnatal days 1-2) mice. To prepare pure astroglia, mixed glial cultures were washed every other day with fresh medium to remove loosely attached microglial cells and inhibit microglia growth. After 2-3 weeks in culture, the glial cultures were passaged (1: 4 split ratio) using trypsin (0.25%) and allowed to form a confluent monolayer for 3-7 days. This monolayer consisted of ∼ 90-97% astrocytes.
We generated the following sets of primary cell samples: control neurons (no expression), to be compared with mutant DISC1 neurons (expression of mutant DISC1), and control astrocytes (no expression), to be compared with mutant DISC1 astrocytes (expression of DISC1). Both the control and the mutant samples were derived from the same litter to minimize potential confounding litter effects. We used 4 mutant DISC1 and 5 control samples derived from primary astrocytes as well as 12 mutant DISC1 and 8 control samples derived from primary neurons for the proteomic studies. We used 5-7 samples per group for Western blotting studies.
Sample Preparation
All biochemicals and reagents were obtained from SigmaAldrich (Poole, UK) unless specified otherwise. Protein extraction from cells was performed by addition of fractionation buffer (7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, 2% ASB14 and 70 m M dithiothreitol), followed by sonication for 10 s using a Branson Sonifier 150 (Thistle Scientific, Glasgow, UK) and vortexing for 30 min at 4 ° C. The homogenates were centrifuged for 3 min at 17,000 g and the supernatants were collected for precipitation of the proteins using 4: 1 volumes of ice-cold acetone. The resulting pellets were suspended in 100 μl of 50 m M NH 4 
Label-Free LC-MS E Profiling
LC-MS E was used as a first step for the identification of changed proteins between the DISC1 model and the wild type. Quality control (QC) samples were generated using equal aliquots of all samples for assessing MS performance. The cell samples and QCs (0.6 μg protein) were analyzed in duplicate using a splitless nano ultrahigh-performance LC system (10K psi nanoACQUITY; Waters 30 Corporation, Milford, Mass., USA). The LC comprised a 0.18 × 20 mm C18 trap column (5 μm particle size) and a 0.075 × 200 mm analytical C18 BEH nanocolumn (17 μm particle size). The separation buffers were H 2 O + 0.1% formic acid (buffer A) and acetonitrile + 0.1% formic acid (buffer B). Samples were desalted for 2 min with 100% buffer A, which was followed by a 2-step gradient at a flow rate of 300 nl/min over 133 min. The analytical LC column was coupled online to a 7-cm nanoESI emitter (10-μm tip; New Objective, Woburn, Mass., USA) on a quadrupole time-of-flight (Q-TOF) Premier mass spectrometer (Waters Corporation), and data were acquired in an alternate scanning, data-independent acquisition mode (MS E ). During each run, 500 fmol/μl [Glu 1 ]-fibrinopeptide B was infused every 30 s using the LockSpray to maintain mass accuracy. The mass spectrometer was operated in the V mode, and analyses were performed using the positive nanoESI ion mode. Low collision energy (MS) generated information about intact precursor ions (5 eV), while high collision energy (MS E ) provided information about peptide fragments (ramped from 17 to 40 eV). The cycling time of the low and the high energy was 0.6 s, and the mass range was 50-1,990 Da.
Data Analysis
LC-MS E data were processed using the ProteinLynx Global Server v2.5 (Waters Corporation) and the Rosetta Elucidator v3.3 (Rosetta Biosoftware, Seattle, Wash., USA) for time and mass/ charge alignment of the MS data as described previously [13] . The Mus musculus complete proteome FASTA sequence Integr8 database was used for the assignment of protein identities. Quantitative peptide measurements for each replicate were normalized against the total ion volume of all deconvoluted spectra. The criteria for protein identification were set to ≥ 3 fragment ions per peptide as well as ≥ 7 fragment ions per protein and ≥ 2 peptides per protein. The data were also searched against a randomized decoy database, which was created using the original database, thus conserving amino acid frequencies. Only peptides that were present in all samples of each treatment group were considered for further analysis.
The final part of data processing was a principal component analysis (SIMCA P+ v2.12; Umetrics, Malmö, Sweden), which is used to identify unwanted variability due to sample nonhomogeneity or inconsistent manipulation during the preparation and analytical stages. No outliers were detected by principal component analysis when testing for outlying samples. Subsequently, the LC-MS E data were analyzed in the R statistical programming language (v2.15.3; R 2013) using the MS stats package (Purdue University, West Lafayette, Ind., USA), which provides wrapper functions to simplify the fitting of the linear mixed-effects models. The data of the identified proteins were log 2 transformed to stabilize the variance, and normalized for the intensities of the peaks. For this labelfree experiment, constant normalization was performed based on endogenous signals across runs among all proteins. Peptide transitions were excluded based upon a between-run interference score <0.8, where the score was based on the correlation between the mean of peptides by run and peptide transition intensity [14] . Visualization of the processed data occurred using profile plots, QC plots and condition plots. Profile plots are capable of identifying the potential source of variation of each protein. The exploratory QC plots can reveal any systematic sample run variation of transition intensities between the runs, which are shown as box plots. The condition plots show the systematic difference between conditions. Analysis was performed using linear mixed models to detect differentially abundant proteins between groups. The interference for biological replicates and technical replicates was used in expanded scope, which expands the conclusion from the model to the population of biological units [15] . To test the model assumptions, diagnostic plots were generated, such as residual plots to check the assumption of a constant variance and normal quantilequantile plots to indicate whether the errors were well approximated by a normal distribution. These analyses resulted in p values, q-values (allowing for multiple testing) and ratio changes (mutant DISC1/control). As the study was underpowered, we used a 10% change in protein abundance and a p value of 0.05 as a threshold to identify proteins that will be considered for further analysis. The number of mice used to derive the cells from each group was not sufficient to reach a significant p value of 0.05 after multiple testing. An analysis of the results of Western blotting was made using Student's t test, with p < 0.05 being set as a significance level.
Western Blotting
Selection of the proteins detected by LC-MS E was based on functional significance, disease relevance, previous associations with DISC1 as well as the availability and quality of specific antibodies. The proteins chosen for validation were: Rab37 (Abcam, ab124413; 1: 500) and SOX1 (R&D, MAB3369; 1: 1,000) for neurons and TMM43 (Abcam, ab184164; 1: 500), GDPM (Abcam, ab188585; 1: 1,000) and ECM2 (Proteintech Group, 21376-1-AP; 1: 500) for astrocytes. Primary cells were cultured for 2 weeks and were collected, frozen on dry ice and kept at -80 ° C until used. The optical density of the protein bands was normalized to the optical density of the loading control (β-actin, 1: 20,000; SigmaAldrich, St. Louis, Mo., USA). Densitometry was performed with the help of ImageJ (NIH, Bethesda, Md., USA). All samples were run in triplicate, and the mean values were used for statistical analyses.
Results

Cell Type-Specific Proteomic Profile in Mutant DISC1
Neurons and Astrocytes LC-MS E profiling was carried out to determine the effects of mutant DISC1 protein expression on proteomes of cortical neurons and astrocytes. After data filtering, this analysis resulted in the identification of a total of 600 proteins in neurons and 520 proteins in astrocytes. Following data quality assessment, 46 proteins were significantly altered in neurons ( table 1 ) and 10 proteins in astrocytes ( table 2 ) . In the neurons, the main changes were detected in proteins involved in neuronal development (SOX1, HTRA3, TBC24, DCX, RAC1 and KCC2B) and transport (RAB37, RAB35, ACTZ, STX1B, SYT1 and RAB3B). In astrocytes, the main alterations were found in proteins involved in nuclear transport, mitochondrial function and the extracellular matrix. 
Validation of Cell Type-Specific Alterations
Validation of the changed proteins as indicated by the LC-MS E profiling study was performed using Western blot analysis. We found a significant upregulation of SOX1 in samples derived from neurons that expressed mutant DISC1. The levels of expression of SOX1 were significantly higher in mutant DISC1 samples than in those derived from control neurons (p < 0.05). Although the proteomic data demonstrate an upregulation of Rab37 in neurons expressing mutant DISC1, no such increase in expression of Rab37 was observed by Western blotting ( fig. 1 ) .
The Western blot experiments on the samples derived from astrocytes were more consistent with the proteomic analysis. We found a significant decrease in the levels of ECM2 in astrocytes derived from newborn mutant DISC1 pups as compared to those from control mouse pups (p < 0.05) ( fig. 2 ). In line with the proteomic results, we observed a significant increase in expression of TMM43 and GPDM in mutant DISC1 astrocytes as compared to control astrocytes ( fig. 2 ).
Discussion
Herein, we present the first comprehensive proteomic study characterizing the effects of mutant DISC1 in a cell type-specific manner. DISC1 has been shown to have an extended protein-protein interaction network consistent with DISC1 involvement in multiple brain functions [9] , suggesting that it may have different protein partners in various brain cells; in addition, DISC1 variants might affect distinct pathways in diverse cell types. Previous studies have mainly focused on identifying global molecular changes in neurons or total brain tissue of DISC1 mouse models. In this study, we compared the effects of mutant DISC1 on protein profiles between neurons and astrocytes and found cell type-specific alterations in proteins involved in neuronal development, vesicular transport and cell adhesion as well as mitochondrial and nucleus functioning ( fig. 3 ) .
In primary neurons, mutant DISC1 affected the expression of proteins involved in synaptic vesicular transport ( table 1 ) . For example, RAC1 and SYT1 have previously been associated with DISC1, and have been implicated in synaptic vesicle transport [16, 17] . In addition, using LC-MS E we detected a changed expression of proteins of the GTPase Rab protein family (e.g., RAB37, RAB35 and RAB3B, of which Rab37 was validated by Western blot) that are also involved in vesicle formation and docking [18, 19] . Although there are no data to indicate an interaction of DISC1 with members of the Rab family or other significantly changed proteins involved in cellular transport such as pleckstrin homology domaincontaining family A member 8 (PKHA8) and transmembrane protein 106B (T106B), DISC1 has been implicated in mitochondrial trafficking [20] [21] [22] . These findings point to potentially new DISC1 partners and mechanisms whereby DISC1 might be involved in neuronal transport.
Our study also identifies proteins involved in transcription. We validated the upregulation of the sex determining region Y-box 1 protein (SOX1), a transcription factor that plays a critical role in neurodevelopment [23] [24] [25] . Our prior study demonstrated an 11-fold upregulation of another member of the SOX family (SOX10) in mice that express mutant DISC1 in early neurodevelopment [26] . Thus, it is tempting to speculate that DISC1 functions as a repressor of expression of SOX proteins, and mutant DISC1 disinhibits their expression via accelerating the degradation of endogenous DISC1 as a result of dominant-negative effects [26] . Upregulation of SOX proteins in mutant DISC1 neurons might result in abnormal neuronal proliferation, which is consistent with a prior report that knockdown of DISC1 in proliferating neurons leads to increased neurogenesis in the adult hippocampus [27] . We also detected a remarkable upregulation (>11-fold) of the transcription factor DNA polymerase epsilon subunit 2 (DPOE2) and significant alterations in the expression of proteins involved in RNA processing such as transformer-2 protein homolog beta (TRA2B) and lethal(3)malignant brain tumor-like protein 4 (LMBL4). These results are consistent with previous findings that DISC1 is involved in transcriptional regulation [28] . In astrocytes, LC-MS E profiling indicated that the affected proteins are involved in cell-cell adhesion, mitochondria and the nucleus. Using Western blotting, we validated significantly decreased levels of extracellular matrix 2 protein (ECM2), a protein that is involved in cell-cell adhesion [29] . This result suggests that mutant DISC1 may affect the extracellular matrix, potentially impacting neuronal migration, the integrity of the bloodbrain barrier and synaptic neurotransmission [30, 31] . Interestingly, recent findings point to an altered expression of ECM proteins in postmortem samples from schizophrenia patients [32, 33] , and a new genome-wide association study showed that astrocytic ECM genes are implicated in the etiology of schizophrenia [34] .
Furthermore, in astrocytes we validated a significant upregulation of the mitochondrial protein glycerol-3-phosphate dehydrogenase (GPDM), which catalyzes the conversion of glycerol-3-phosphate into dihydroxyacetone phosphate, using flavin adenine dinucleotide as a cofactor [35, 36] . Mitochondrial abnormalities have been reported in individuals with schizophrenia, bipolar disorder and major depressive disorder [37] [38] [39] . Although previous studies have implicated DISC1 in mitochondrial function in neurons [40, 41] , our findings in astrocytes are new. Given that astrocytes provide most of the energy necessary for neurons [42, 43] , the metabolic functions of DISC1 in astrocytic mitochondria deserve further study.
In the nuclear envelope, transmembrane protein 43 (TMM43, also called LUMA) [44] levels were increased Color version available online 35 in mutant DISC1 astrocytes in Western blot analysis. A previous study indicated a predominantly nuclear localization of DISC1 in astrocytes [5] . In line with this, one can speculate that DISC1 may be involved in the structural organization of the astrocytic nuclear membrane, a hypothesis that could be further investigated.
One limitation of the present study includes differences (e.g., Rab37) between results generated by two different methods, i.e., LC-MS E and Western blotting. MS analyses are frequently used in experimental proteomics and continue to progress in sensitivity, throughput, type and depth of proteomic analysis [45] . As compared to Western blotting, LC-MS E measures several peptides from the same protein instead of targeting a specific region on the protein with an antibody, excluding this technique from cross-reactivity [46] . Moreover, LC-MS E is capable of scanning over a large dynamic range across protein sizes and charges. Therefore, LC-MS E was used as a profiling study for the identification and quantification of changed proteins between the DISC1 model and the wild type. Western blotting was used as a qualitative method to validate the proteins indicated in the LC-MS E method, since Western blotting uses antibodies that specifically target proteins and is less sensitive to quantifying changes in protein levels.
In conclusion, our findings demonstrate cell type-specific effects of mutant DISC1 in neurons compared to astrocytes. The present study highlights the possible, distinct roles of DISC1 in diverse brain cells and encourages cell type-specific molecular profiling of psychiatric disorders in order to gain new insights into the heterogeneous effects of human genetic variation and to facilitate the search for more reliable biomarkers and treatment targets.
